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We report on spinor polariton interactions in GaAs based microcavities. This investigation is
carried out by means of heterodyne polarized pump-probe spectroscopy. We show the dependence
of the energy renormalization of the lower and upper polariton resonances with cavity detuning
for different polariton densities. We use the exciton-photon based Gross-Pitaevskii equation to
model the experiment for both lower and upper polariton modes. The theoretical results reproduce
qualitatively the experimental observations revealing the magnitude and the sign of the parallel and
anti-parallel spin interaction strength. We evidence the strong influence of the biexciton resonance
on the anti-parallel spin polariton energy shift and provide the exciton-biexciton coupling constant.
We derive our results in the lower polariton basis using Gross-Pitaevskii equation from which, we
express analytically the spinor polariton interactions and identify the clear role of the biexciton
resonance.
PACS numbers: 78.20.Ls, 42.65.-k, 76.50.+g
I. INTRODUCTION
Microcavity exciton-polaritons are quasiparticles re-
sulting from the strong coupling between excitons and
photons [1]. Polaritons exhibit mutual interactions com-
ing from their excitonic content and light effective mass
inherited from the photon. Collected photons emitted
from the cavity allow reading out the polaritons prop-
erties. As a matter of fact, a polariton fluid is an ideal
tool for investigating quantum phenomena in solid-state
systems. Polariton interactions in semiconductor micro-
cavities play a crucial role in a wide variety of topics
ranging from nonlinear optical effects [2–6], polariton su-
perfluidity [7–10] to Bose Einstein condensation [11].
All these topics enlighten that polaritons provide a con-
crete realization of a many-body interacting system. As
polaritons carry a spin, spinor interactions character-
ize fundamental physical processes in polariton quantum
systems. This results in anisotropic nonlinearities at the
origin of many effects such as stimulated spin dynamics
of polaritons [12, 13], the transport of spin polarized po-
laritons [14], the optical spin Hall effect [15–17], the gen-
eration of polarization vortices [18, 19] and half quantum
vortices [20], spontaneous polarization buildup in Bose-
Einstein condensation [21], in bistability [22] multistabil-
ity [23–25] and polariton switching [26, 27].
Despite their importance, the spinor polariton interac-
tions have been determined only indirectly. Several ex-
periments indicate that the interaction of polaritons with
anti-parallel spins is attractive [28–30]. In others, with
the presence of a reservoir it appears to be repulsive
[24–26, 31]. Furthermore, theoretical works predict that
spinor polariton interaction strengths depend on the cav-
ity detuning [30, 32, 33]. It is very important to note that
each investigation uses its own experimental condition:
resonant or non-resonant excitation, different cavity de-
tuning and time scale, which influences in the measure-
ment and then in the determination of the interaction
constants. Furthermore, previous studies concentrate on
the lower polariton behavior omitting the upper polari-
ton branch.
In this work, we report on the study of lower and upper
polariton energy renormalization in function of the po-
lariton density and the exciton-photon cavity detuning
in semiconductor microcavity. To carry out this investi-
gation, we concentrate on the lower and upper polariton
resonances through spectrally resolved pump-probe spec-
troscopy. We employ pump-probe pulse co- and counter-
circular polarization configurations in order to investi-
gate polariton-polariton interactions with parallel and
anti-parallel spins, respectively. The results reveal ei-
ther the repulsive or attractive character of the spinor
polariton interactions through the measured energy shift
of the probed lower and upper polariton resonances. Fur-
thermore, the amplitude and sign of the lower and upper
polariton energy shift as a function of the cavity detun-
ing are determined for different polariton densities. Our
theoretical model is developed in the framework of the
spinor Gross-Pitaevskii equation in the exciton-photon
basis. Comparison between numerical simulations and
experimental measurements allows to extract the micro-
scopic spinor interaction constants and also the strengh
of the exciton-biexciton coupling constant. The biexciton
constant evidences the strong influence of the biexciton
resonance on the anti-parallel spin energy renormaliza-
tion. Through basis transformation from exciton-photon
to lower polariton, we derive analytical expressions for
the spinor polariton interaction constants, usually re-
ferred to as α1 and α2 [34].
This paper is organized as follows: in Section II, we de-
scribe the sample and the pump-probe experiment. Sec-
tion III reports on the experimental results, while Sec-
tion IV is dedicated to the theoretical simulations using
2exciton-photon based Gross-Pitaevskii equations. In Sec-
tion V, we identify analytically the spinor polariton inter-
actions using polariton basis Gross-Pitaevskii equation.
We then give a general conclusion in Section VI.
II. EXPERIMENTAL METHOD
This study is performed with a high quality III-
V GaAs-based microcavity [35]. A single 8 nm
In0.04Ga0.96As quantum well is introduced between a pair
of GaAs/AlAs distributed Bragg-reflectors. The exciton-
cavity detuning energy δ can be adjusted by changing
the position of the laser spot on the wedged sample. The
Rabi splitting is Ω=3.26 meV at δ = 0. We use a pump-
probe setup with both pump and probe 125 femtosecond
pulses from a Ti:Sapphire laser. The center energy of the
laser spectrum (the linewidth is 14.6 meV) is set between
lower and upper polaritons, therefore the laser intensity
is fixed for all cavity detunings. The experiments are
performed under resonant excitation and at 4K.
We employ a heterodyne pump-probe technique [36].
The laser beam is split into three: The pump and
probe are frequency shifted with acousto-optic modula-
tors (AOM) by 75 MHz and 79MHz, respectively, and fo-
cused on the sample. In transmission, the probe signal is
directed into an AOM together with the reference beam.
The AOM, driven at 79 MHz, produces two π-shifted de-
tection channels in which the reference and probe signal
overlap spectrally. The mixed beams are dispersed in a
spectrometer and we subtract the two π-shifted interfer-
ograms to recover the pump-probe signal. This hetero-
dyne pump-probe technique allows us to study the polari-
ton interactions close to degenerate beams configuration
at k = 0 and dramatically increases the signal-to-noise ra-
tio. This enables a precise measurement of small energy
shifts in the probe spectrum. The experimental setup is
described in detail in our previous paper [10].
The principle of the experiment is the following: We gen-
erate a spin up lower and upper polariton population
with a σ+ circularly polarized pump pulse. By varying
the power of the pump pulse we control the spin-up po-
lariton population. A small amount of spin-up or -down
lower and upper polaritons is then injected with a weak
σ+ or σ− circularly polarized probe pulse. We spectrally
probe the energy of the lower and the upper polariton
resonance by measuring the transmission spectrum of the
probe pulse.
The strength of the spinor polariton interaction is deter-
mined from a renormalized energy shift of the polariton
resonance due to the presence of the pump polaritons.
If the spinor polariton interaction is repulsive, it shows
a blueshift, otherwise a redshift appears for attractive
interaction. The experiments are performed at different
cavity detunings to highlight the role of the excitonic
content on the polariton-polariton interactions.
FIG. 1. (Color online) Co- (blue) and counter- (red) circular
polarization pump-probe spectra at -1.5 meV cavity detuning
for different pump intensities: 3.0 × 1013 (a,d), 5.9 × 1013
(b,e) and 1.2×1014 (c,f) photons pulse−1 cm−2. Transmitted
probe spectra without pump (black dashed lines) and with
pump (solid lines).
III. EXPERIMENTAL RESULTS
In Figure 1, we display the co- and counter-circular
pump-probe spectra measured at -1.5 meV cavity detun-
ing for pump photon density of 3.0× 1013, 5.9× 1013 and
1.2× 1014 photons pulse−1cm−2 together with the refer-
ence spectrum.
The pump-probe spectra clearly show a blueshift of both
the lower and upper polariton resonances in co-circular
configuration, while for counter-circular measurements
they show a redshift. These results also show that, as the
polariton density is increased, the polariton resonance en-
ergy shift increases. In order to extract the energy shifts
of the polariton resonance quantitatively, each spectrum
is fitted with a Lorentzian function. At a fixed cavity
detuning and for each pump power, the energy shift is
determined through the difference between the reference
and the pump-probe spectra.
We analyze mutually the lower and upper polariton
energy shift for different polariton density and cavity de-
tuning. We investigate separately the parallel and anti-
parallel spin polariton interactions.
A. Parallel spin polariton interaction
In Figure 2 (a), we show together the dependence of
the lower and upper polariton energy shifts with cavity
detuning, for different polariton densities. The results
show that the blueshifted for both resonance increases
with polariton density and varies with cavity detuning.
This evidences the repulsive interaction between polari-
ton with parallel spin for all cavity detuning. Notice the
mirror behavior of the upper-lower polariton energy shift
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FIG. 2. (Color online) Energy shifts of lower (a) and upper
(b) polariton resonances for co-circularly polarization config-
uration as a function of the cavity detuning. Three different
symbols represent different pump intensities.
with cavity detuning. This reflects the role of the exci-
tonic content of polariton states on polariton-polariton
interactions. Indeed, for negative detuning the upper
polariton being more excitonic-like than lower polariton,
presents larger blueshift. The reverse is valid for positive
detuning.
We would like to mention that the mirror symmetry axis
is not at zero detuning but appears around δ = −0.8
meV. We might attribute this behavior to an onset of
upper polariton scattering into an exciton reservoir. Ac-
tually, to compensate this depopulation, the upper po-
lariton resonance needs to be more excitonic to experi-
ence energy shift comparable to the lower polariton.
B. Anti-parallel spin polariton interaction
For the same set of polariton densities as above, we dis-
play the dependence of the upper and the lower polariton
energy shifts with cavity detuning in Figure 3(a) and (b),
respectively. The lower and upper polariton resonances
are red shifted and this shift increases with polariton den-
sity. This result signs the attractive interaction between
polariton with anti-parallel spin. The influence of the
excitonic content of the polaritons for the interactions
is again evidenced. Eventually, for lower polaritons, the
energy shift increases from negative to positive cavity de-
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FIG. 3. (Color online) Energy shifts of lower (a) and up-
per (b) polariton resonances for counter-circularly polariza-
tion configuration as a function of the cavity detuning. Three
different symbols represent different pump intensities.
tunings. The reverse happens for the energy shift of the
upper polaritons.
However, the dependence of the upper polariton energy
shift with cavity detuning is not a mirror image of the
lower polariton as for the results presented for paral-
lel spins. Here, the lower polaritons undergo a much
stronger energy shift than the upper polaritons. Actu-
ally, the lower polariton energy renormalization is not
only due to polariton-polariton interaction but also due
to polariton-biexciton coupling. It is important to note
that for the lower polaritons from negative to positive
cavity detuning, the energy of two-lower polaritons ap-
proaches the energy of the biexciton resonance. This ef-
fect highlights the influence of the biexciton on the lower
polariton energy renormalization for anti-parallel spin
polariton interactions. This result is in agreement with
the polaritonic Feshbach resonance behavior recently ob-
served [37] corroborating that biexcitons play a crucial
role in the anti-parallel spin polariton interactions.
IV. THEORETICAL MODEL
Since our experimental approach consists of the exci-
tation of both lower and upper polariton states in the
nonlinear regime, cross interactions between polariton
modes might appear leading to an hazardous descrip-
4tion of our results in the polariton basis. Therefore, we
use the exciton-photon based Gross-Pitaevskii equation
to reproduce the experimental observations. Comparing
the simulation to the experimental data will allow us to
extract the spinor interaction constants in the exciton-
photon basis Hamiltonian. In section V, we will show
how to transpose our analysis in the lower polariton ba-
sis yielding a comparison to previously reported results.
The exciton-photon basis Hamiltonian is the following:
Hˆ = ǫccˆ
†
↑cˆ↑+ǫxxˆ
†
↑xˆ↑+ǫbBˆ
†Bˆ+Ω(cˆ†↑xˆ↑+xˆ
†
↑cˆ↑)+Hˆint. (1)
The interacting part Hˆint is given by
Hˆint = Hˆ↑↑ + Hˆ↑↓ + Hˆbx
= g++xˆ
†
↑xˆ
†
↑xˆ↑xˆ↑ + g+−xˆ
†
↑xˆ
†
↓xˆ↓xˆ↑
+ gbx(Bˆxˆ
†
↑xˆ
†
↓ + xˆ↑xˆ↓Bˆ
†)
(2)
The c, x and B are the photon, exciton and biexciton
annihilation operators, ǫx, ǫc and ǫB are respectively the
exciton, photon and biexciton energy. The arrow ↑ and
↓ defines the spin polarization as up and down. The g++
and g+− are respectively the interaction strengths for par-
allel and anti-parallel exciton interaction. The coupling
between excitons and biexciton is given by gbx.
It might be worth commenting the microscopic origin of
these phenomenological interaction constants. To be pre-
cise, excitons are composite bosons composed of electron-
hole pairs, thus exciton-exciton interactions are governed
by Coulomb interaction between electrons and holes. The
simplest approach to calculate exciton-exciton interac-
tion with parallel spins g++ is to calculate scattering ma-
trix of excitons based on the Born approximation [38].
According to this calculation, in zero momentum scatter-
ing, which is the case of our experiment, the main contri-
bution to the exciton-exciton interaction is electron-hole
exchange interaction. However, this calculation cannot
explain the existence of the exciton interaction with anti-
parallel spins, because the exchange interaction disap-
pears between excitons between anti-parallel spins [38].
Therefore, the inclusion of biexciton state (gbx in our
model) and the calculation beyond the Born approxima-
tion are important to explain the exciton interaction with
anti-parallel spins [39–42]. For example, such a calcula-
tion has been done by [40, 41] through the summation
of higher orders of scattering matrix including biexci-
ton state. Firstly, their result shows that the biexci-
ton boundstate introduces resonance scattering for ex-
citon interaction with anti-parallel spins. Second, the in-
clusion of the higher-order scattering matrices results in
a strong modification of the exciton-exciton interaction
both for parallel and anti-parallel excitons (called ”con-
tinuum correlations” [39–42]). This continuum correla-
tions might microscopically explain the necessity of the
exciton-exciton interaction with anti-parallel spins g+−,
but the investigation of the exciton-exciton interaction
starting from electron-hole basis is beyond the scope of
our paper.
In our model, the phase space filling effect is omitted due
to its weak contribution. Based on the result of [34], the
exchange interaction of excitons with parallel spins gtheor
++
and the contribution from phase space filling gtheorPSF can
be estimated as gtheor
++
= 3aBe
2/ǫmS (in the Born approx-
imation) and gtheorPSF = Ω/nsatS. Here e and ǫm respec-
tively represent elementary charge and dielectric constant
of the quantum wells. S is a quantization area. Con-
sidering a Bohr radius aB=12 nm, a dielectric constant
ǫm = 13.9ǫ0 (ǫ0 is the vacuum permittivity) [43], Ω=3.26
meV and exciton saturation density nsat ≃ 1×1011 cm−2,
we obtain a ratio gtheorPSF /g
theor
++
≃ 0.07. This ratio indi-
cates that the Coulomb term is the dominant contribu-
tion to the repulsive interaction of polaritons with paral-
lel spins in our sample.
Using the Heisenberg equation of motion and mean field
approximation [34], we obtain the equations of motion for
the exciton, photon and biexciton. In this Hamiltonian,
biexcitons are created from spin-up and spin-down exci-
tons, which indicates that counter-circular polarization
configuration is mandatory to induce the biexciton effect
[33, 44–46]. The exciton, photon and biexciton wave-
functions are described by the following exciton-photon
Gross-Pitaevskii equation system:
i~ψ˙x,↑ = (ǫx − iγx
2
)ψx,↑ +Ωψc,↑
+ 2g++|ψx,↑|2ψx,↑ + g+−|ψx,↓|2ψx,↑
+ gbxψBψ
∗
x,↓
(3a)
i~ψ˙c,↑ = (ǫc − iγc
2
)ψc,↑ +Ωψx,↑ − F (3b)
i~ψ˙B = (ǫB − iγB
2
)ψB + gbxψx,↑ψx,↓. (3c)
γx, γc and γB are respectively exciton, photon and biex-
citon decay rate. In the numerical calculation, we use
γx = γc = 0.53 meV. F represents an external source of
photons given by the laser pulses.
A. Parallel spin polariton interaction
In the co-circular polarization configuration, only the
g++ interaction term is involved. We abbreviate the spin
index since all polariton spins are the same. Our co-
circular polarization pump-probe configuration is equiv-
alent to that of χ(3) parametric amplification. Thus, if
we assume that the pump and probe beams have momen-
tum kpu = 0 and kpr respectively, an idler beam appears
with a momentum ki = 2kpu − kpr = −kpr. Since in the
experiment kpr ≃ 0, we neglect the dispersion of photons.
We substitute the wavefunction:
ψx(c) = ψ
pu
x(c) + ψ
pr
x(c)e
ikx + ψix(c)e
−ikx (4)
5into the exciton-photon Gross-Pitaevskii equations (3a)
and (3b). Assuming |ψpux(c)| >> |ψpr,ix(c)| the feedback on
the pump wavefunction from the signal and idler can be
discarded, thus the pump wavefunction ψpux(c) can be writ-
ten as equations (3a) and (3b). Additionally, we neglect
the terms that do not conserve momentum. The dynam-
ics of the set of wavefunctions ~u = (ψprx , ψ
pr
c , ψ
i∗
x , ψ
i∗
c )
[47] can be described as i~~˙u =M++~u− ~F pr. The matrix
M++ is given by
M++ =


ǫx + 2g++|ψpux |2 − iγx/2 Ω g++ψpu2x 0
Ω ǫc − iγc/2 0 0
g++ψ
pu∗2
x 0 ǫx + 2g++|ψpux |2 − iγx/2 Ω
0 0 Ω ǫc − iγc/2

 (5)
Since the lower and upper polaritons are excited with
spectrally broad femtosecond pulse, we model the pump
and probe photon pulses as instantaneous delta function
pulses exciting the system simultaneously. By Fourier
transforming the temporal photon probe wavefunctions,
we obtain the spectra of the light emitted out of the
cavity. Subtracting the pump-probe spectra from the
reference spectra, we single out the energy shift of
both lower and upper polariton resonances due to the
presence of the pump pulse. The strength of our method
to extract spinor interaction constants is based on the
joint comparison of lower and upper polariton energy
shifts.
In Figure 4(a) and (b), we plot respectively the exper-
imental data of lower and upper polariton energy shifts
as a function of the cavity detuning, for pump photon
densities of 3.0 × 1013 and 5.9 × 1013 photons pulse−1
cm−2. We obtain the parallel spin interaction constant
g++ = 1 meV/n0 by simulating the lower and upper
polariton energy shifts for the two pump powers (Figure
4(c) and (d)). Here, n0 is a normalization particle den-
sity for the excitation pump photon density |F pu|2 = 1.
The experimental results are well reproduced: The
lower polaritons show an increase of the energy shift
from negative to positive cavity detuning, while the
upper polaritons energy shift decreases. This behavior
highlights the fact that lower polariton becomes more
excitonic and upper polariton becomes more photonic
for cavity detuning ranging from negative to positive
values.
B. Anti-parallel spin polariton interaction
In the counter-circular polarization configuration, the
large population of spin-up polaritons is probed with a
small population of spin-down polaritons. Unlike the co-
circular polarization configuration, the idler beam does
not appear since the spin momentum conservation is not
satisfied [48].
The dynamics of the spin-down probe can be described
using three coupled equations of motion: i~~˙u =M+−~u−
~F pr, where the vector ~u = (ψprx↓, ψ
pr
c↓ , ψB) is composed of
the probe exciton, probe photon and biexciton wavefunc-
tions respectively. The matrix M+− is given by
M+− =
 ǫx + g+−|ψ
pu
x↑ |2 − iγx/2 Ω gbxψpu∗x↑
Ω ǫc − iγc/2 0
gbxψ
pu
x↑ 0 ǫB − iγB/2


(6)
In the matrix, ψpux(c)↑ represents pump exciton (photon)
wavefunction and follows the equation of motion (3a) and
(3b). In the simulation, we set EB = 2Ex− 2.5 meV and
γB = 1.1 meV. Similarly to the co-circular simulation, we
obtain the interaction constant gbx = 1.2 meV/
√
n0 and
g+− = −1.2 meV/n0 from the comparison between sim-
ulation and experiment of the lower and upper polariton
energy shifts at 3.0×1013 and 5.9×1013 photons pulse−1
cm−2 pump photon densities. We plot in Figure 5 the
experimental and simulated lower and upper polariton
energy shifts as a function of the cavity detuning. Simi-
lar to the experimental results, the simulation shows the
enhancement of the lower polariton red shift energy from
negative to positive cavity detuning (see Figure 5 (c)).
This enhancement of the redshift of the lower polariton
resonance comes from the scattering of lower polaritons
(LP) via the biexciton state (BX) (LP-LP → BX). This
effect plays an important role concerning the anti-parallel
spin polariton interactions and should be considered in
the analysis of the renormalization of the lower polariton
energy. Notice that the polaritonic Feshbach biexciton
resonance [37] is analogous to the Feshbach resonance in
cold atoms [49, 50] where the atom-atom interaction is
altered due to a molecular bound state.
Concerning the upper polariton mode, the very small en-
ergy shift experimentally measured is well reproduced by
the numerical simulation (Fig. 5(d)). This behavior is
specific of the counter-polarized configuration and then
might be related to the presence of biexcitons. However,
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FIG. 4. (Color online) Experimental lower (a) and upper (b) polariton energy shift as a function of the cavity detuning for
parallel spin polaritons. Simulation of lower (c) and upper (d) polariton energy shift based on exciton-photon basis Hamiltonian.
The blue and green line respectively represents the experimental (simulated) pump photon density: 3.0 × 1013 (|F pu|2 = 1)
and 5.9 × 1013 (|F pu|2 = 2) photons pulse−1 cm−2. |F pu|2 is a normalized excitation pump photon density
further investigations should be performed to deeply un-
derstand these observations.
In summary, our approach is more general than previ-
ously reported studies since we consider a simultaneous
excitation of lower and upper polariton branches. We
probe the energy shifts of both branches and, through
comparison between the numerical and experimental
results, we estimate the interaction constants of the
exciton-photon-biexciton Hamiltonian (2) as g++ : g+− :
gbx ≃ 1/n0 : −1.2/n0 : 1.2/√n0 (meV). This ratio shows
that the spinor polariton interaction with anti-parallel
spins, which is usually considered to be very weak, is
comparable to that of parallel spins. However it is very
important to note that, due to commutation relation, a
factor of 2 appears in front of g++ (Eq. (3a)). As a con-
sequence, the energy shift for parallel spins is twice the
energy shift for anti-parallel one for the same density and
cavity detuning. Additionally, the strong lower polariton
energy shift with cavity detuning dependency appears
due to the biexciton-exciton coupling. The joint study of
lower and upper spinor polariton interaction described
in this report, is well reproduced in the exciton-photon
basis.
Usually, in resonant excitation experiments, only the
lower polariton branch is excited. Then, instead of the
excitonic interaction constants g++, g+− and gbx, the par-
allel α1 and anti-parallel α2 polariton-polariton interac-
tion constants are defined within the lower-polariton ba-
sis. In order to validate and compare our results to other
studies on polariton interactions, we describe below our
observation in the lower polariton basis by changing the
working basis from exciton-photon-biexciton to lower po-
lariton basis.
V LOWER-POLARITON INTERACTION
CONSTANTS
When experiments with lower polaritons is considered,
a continuous wave laser excitation is usually involved. In
order to apply our extracted parameters to this config-
uration, we need to transform the exciton-photon basis
Hamiltonian into lower-polariton Hamiltonian.
Firstly, we rewrite the Hamiltonian (1) using lower-
polariton basis defined as pˆlp = Xxˆ + Ccˆ and neglect
terms that includes upper-polaritons [34]:
Hˆ = ǫccˆ
†
↑cˆ↑ + ǫxxˆ
†
↑xˆ↑ +Ω(cˆ
†
↑xˆ↑ + xˆ
†
↑cˆ↑) + Hˆint
≃ ǫlppˆ†lppˆlp
+ g++|X |4pˆ†lp,↑pˆ†lp,↑pˆlp,↑pˆlp,↑
+ g+−|X |4pˆ†lp,↑pˆ†lp,↓pˆlp,↓pˆlp,↑
+ gbx(X
2pˆlp,↑pˆlp,↓Bˆ
† +X∗2pˆ†lp,↑pˆ
†
lp,↓Bˆ)
(7)
Here X and C are Hopfield coefficients defined as
|X |2 = 1
2
(
1 +
δ√
δ2 +Ω2
)
(8)
and
|C|2 = 1
2
(
1− δ√
δ2 +Ω2
)
. (9)
The lower polariton energy ǫlp is calculated as
ǫlp =
ǫc + ǫx
2
− 1
2
√
(ǫc − ǫx)2 +Ω2. (10)
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FIG. 5. (Color online) Experimental lower (a) and upper (b) polariton energy shift as a function of the cavity detuning
for anti-parallel spin polaritons. Simulation of lower (c) and upper (d) polariton energy shift based on exciton-photon basis
Hamiltonian. The blue and green line respectively represents the experimental (simulated) pump photon density: 3.0 × 1013
(|F pu|2 = 1) and 5.9× 1013 (|F pu|2 = 2) photons pulse−1 cm−2.
Based on the Hamiltonian (7), we calculate the Heisen-
berg equations of motion applying mean-field approxima-
tion:
i~ψ˙lp,↑ = (ǫlp − iγlp
2
)ψlp,↑ + 2g++|X |4|ψlp,↑|2ψlp,↑
+ g+−|X |4|ψlp,↓|2ψlp,↑ + gbxX∗2ψ∗lp,↓ψB − F
(11)
i~ψ˙B = (ǫB − iγB
2
)ψB + gbxX
2ψlp,↑ψlp,↓ (12)
where γlp = |C|2γc + |X|2γx is the lower polariton decay
rate.
In the following, we address equations (11) and (12) in
parallel (A) and anti-parallel (B) spin polariton frame-
works.
A. Parallel spin polariton interaction
For the parallel spin configuration, the dynamics of the
ψlp wave function is given by
i~ψ˙lp = (ǫlp − iγlp
2
)ψlp + 2g++|X |4|ψlp|2ψlp − F (13)
Thus, the mean-field energy shift can be expressed as
∆E++ = α1|ψlp|2 (14)
where |ψlp|2 is the lower polariton density. The lower
polariton interaction with parallel spins is thus defined
as
α1 = 2g++|X |4. (15)
On Figure 6 (a), we plot the energy shift of the lower po-
lariton for parallel spin interaction (eq. (14)) using the
value of g++ extracted previously and pump polariton
density |ψlp|2 = 0.2. The energy shift follows a depen-
dence given by the excitonic content of the lower polari-
ton through the term |X |4 as reported before by Ciuti et
al.[34].
B. Anti-parallel spin polariton interaction
In order to obtain the lower polariton interaction with
anti-parallel spins, we consider pump-probe spectroscopy
in the counter-circular polarization configuration. As-
suming that the spin-up pump pulse is much stronger
than the spin-down probe pulse, we can express the probe
lower polariton dynamics as i~~˙u =M~u− ~F pr, where the
vector ~u is ~u = (ψprlp↓, ψB) and
~F pr is a source term. The
matrix M is
M =(
ǫlp + g+−|X |4|ψpulp↑|2 − iγlp/2 gbxX∗2ψpu∗lp↑
gbxX
2ψpulp↑ ǫB − iγB/2
)
(16)
Let us consider that the pump is resonant with the lower-
polariton energy ψpulp↑ = |ψpulp↑|e−iǫlpt/~ and probe with
energy ǫ: ~F pr = (1, 0)e−iǫt/~. For the steady state solu-
tions, we assume that the pump wavefunction has a form
ψpulp↓ = ψ
pu
lp↓(ǫ)e
−iǫlpt/~ and the biexciton wavefunction
is expressed as ψB = ψB(ǫ)e
−i(ǫ+ǫlp)t/~. Replacing ψpulp↑
and ψpu∗lp↑ with |ψpulp↑| in the matrix M , we can obtain the
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FIG. 6. (Color online) (a) The energy shift ∆E++ (blue)
and ∆E+− (red) obtained in the equation (14) and (19) as a
function of the cavity detuning for the pump polariton density
|ψlp,↑|
2 = 0.2. (b) The ratio α2/α1 as a function of the cavity
detuning
steady-state solution of the probe lower polariton spec-
trum as
ψprlp↓(ǫ) = (1 0)
[
M −
(
ǫ 0
0 ǫlp + ǫ
)]−1(
1
0
)
(17)
The analytic solution of ψprlp↓(ǫ) is
ψprlp↓(ǫ) =
[
ǫlp − ǫ + g+−|X |4|ψpulp↑|2 − iγlp/2
− g
2
bx|X |4|ψpulp↑|2
ǫB − ǫlp − ǫ− iγB/2
]−1
(18)
Under the assumption of a weak exciton-biexciton cou-
pling and a low pump excitation density (gbx|ψpulp↑| <
γB/2), the two-mode solutions of ψ
pr
lp↓(ǫ) might be ap-
proximated by a single solution. Indeed, substituting
ǫ = ǫlp and taking the real-part of the eq. (18), the
pump induced energy shift ∆E+− can be approximated
as
∆E+− ≃ g+−|X |4|ψpulp↑|2 −
g2bx|X |4|ψpulp↑|2(ǫB − 2ǫlp)
(ǫB − 2ǫlp)2 + (γB/2)2
(19)
and the lower polariton interaction with anti-parallel
spins is defined as
α2 ≃ g+−|X |4 − g
2
bx|X |4(ǫB − 2ǫlp)
(ǫB − 2ǫlp)2 + (γB/2)2 . (20)
This result shows the two contributions to the energy
shift in the counter-polarized configuration that bring
strong similarity to derived expressions for optical Fes-
hbach resonance in cold atoms [51]. First, the term pro-
portional to the excitonic content |X |4 related to anti-
parallel spin polariton interaction is usually called back-
ground interaction term. Second, the lower-polariton-
biexciton coupling term takes the form of a Lorentzian
profile. Figure 6(b) displays the behavior of the energy
shift in the counter-polarized configuration considering
the value of g+− and gbx extracted from the numerical
simulations and pump polariton density |ψlp,↑|2 = 0.2.
The energy shift displays a change in sign and amplitude
when the energy of two-lower polariton crosses the en-
ergy of the biexciton, which here occurs at δ ≈ 1 meV
[37].
On Figure 6(b), we plot the ratio between counter and
co-polarized interactions. We obtain a ratio as the one
reported previously using a different approach [30]. For
negative detuning the ratio takes a negative value, -
0.8, that progressively increases until reaching -1.2, then
dropping suddenly to a sligthly positive value. This com-
parison to previous results strengthens the interest and
generality of the method presented here.
VI. CONCLUSION
In conclusion, we provided a direct demonstration
that the lower and upper polaritons with parallel spins
interact repulsively and attractively when possessing
anti-parallel spins. In addition, by modeling the experi-
ments with the exciton-photon based Gross-Pitaevskii
equation we extracted the spinor microscopic exciton
interaction strengths. The joint analysis of the lower
and upper polariton energy renormalization with cavity
detuning reveals the dominant role of the biexciton
in anti-parallel spin configuration. Through the lower
polariton basis model, we validate our results and in ad-
dition, we give the analytic expression for the polariton
interaction with parallel spin α1 and with anti-parallel
spin α2 with the explicit role the biexcitonic resonance
effect.
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